3D Printing(FDM)의 출력 품질에 따른 환경변수 최적화 최 년 식
Introduction

Background
3D Printing Technologies started based on the Rapid Prototype (RP) concept. The traditional manufacturing technologies (Casting, Forging, Pressing, etc.) have been utilized for a long time. Such technologies require a lot of money, effort, and time for making products. For redressing these shortcomings, technologies using 3D data and CAD, CAM, DMU, and Application systems are common today.
The RP concept is to make product shapes rapidly and simply from 3D data (Hull, 1986) . RP is used to describe a range of processes that make it possible to fabricate parts, by various materials, through an additive process, layer upon layer, starting directly from a computer-aided design model. RP was the first term, coined in the mid-1980s, to identify these processes (Jacobs, 1992 (Jacobs, , 1995 . Developers want to print 3D shapes as easily as 2D printing. 3D printing has become the most popular term to describe this. 3D printing technologies have been studied in various respects : 3D additive manufacturing technology studies (Vaezi et al., 2013) , applications and research needs for additive manufacturing (Guo and Leu, 2013) , sectors of industrial application 10 Nyeonsik Choi shown through case studies for additive layered manufacturing (Petrovic et al., 2011) , and various studies expanding the applicability of FDM-type technologies through materials development (Roberson et al., 2015) . These studies have been applied in real industrial fields and associated case studies have been analyzed (Dimitrov et al., 2006) . 3D printing technology is leading changes in manufacturing method (Huang et al., 2013) .
In particular, the fused deposition modeling (FDM) type of 3D printing has a high market share, due to low cost of materials and cheaper operating costs than other types of 3D printers. The turning point was marked by the expiration in 2009 of the FDM patent, a technique developed by Crump (Crump, 1992) , and the widespread open-source movement which created significant cost reductions for these new 3D printers by RepRap (Jones et al., 2011) .
Nevertheless, some questions and distrust of 3D printing technology have been raised because of the quality problems with 3D printing outputs (Vasudevarao et al., 2000) . The reasons are low maturity of the 3D printing products, taking a long time, limited material to print and implementation based on the classic linear approach (Bell, 2014) .
However, 3D printing based on RP is the most important driver of cost reduction and reducing the development period in integrated product development, which improves the study of systematic process proposals (Lanzotti et al., 2015) . Furthermore, 3D printing has been recognized as a tool to innovate the way of the future manufacturing methodology (Dimitrov et al., 2006) .
Objectives of this Study
FDM-type 3D printing is common and has a large number of users. The benefits of FDM type are cheap price, low operating cost, simple equipment, open source, easy-to-find materials and so on. However, it has some problems, such as low output quality, low resolution, warping, taking a long time to print, limited materials, manual output processes, a lot of parameters and mechanical adjustment required, and an output system that is old and outdated. If these disadvantages are overcome, the utilization of FDM type will be maximized. In other words, there is a need for a method that for one-click 3D printing and no adjusting parameters in the 3D printing process.
Although there are many information from articles, internetsite, and YouTube, that include what is the most suitable gap between nozzle and bed, what temperature is optimal for PLA or ABS, and what parameters are most important for 3D printing quality, they are mostly empirical and these are almost done manually. It is not scientifically analyzed using statistics or experimental methodologies.
In this paper, some parameters are identified to adjust for improving the quality of FDM-type 3D printing, research the correlation between the proposed control parameters and suggest the optimization methodology with the identified parameters. We tried to verify the correlation between parameters and 3D printing quality through scientifically analyzed and experimental methodologies. There are many information about the control parameters of FDM-type 3D printing, which are manually controlled and experienced. It has to consider statistics and scientific approach is needed. The scientific discovery of the parameters makes to raise the utilized values of the FDM-type 3D printing.
Controlling the parameters involved in the 3D printing process provides a basis to maximize 3D printing quality for developers who want to print 3D shapes as easily as 2D printing.
Literature Review
Accuracy Problems in FDM Printing Process
3D printing is typically performed in a process of four steps (Lanzotti et al., 2015) . The first step is "Create 3D Files"; the 3D data is made from CAD, scanners, or other devices. The second step is "Slicing model"; the 3D data file is converted to G-code file for 3D printing. The third step is "Printing"; set the 3D printer and print 3D shapes or output. The fourth step is "Done"; trimming and finishing the output of 3D printing. It is necessary to know how to avoid errors that can occur at each step. At the "Create 3D Files" step, there is low accuracy error rate, beyond CAD, scanner, or graphic tools own errors. At the "Slicing model" step, there are several software tools to slice 3D shape that are constantly updated. The software has functions to control the parameters. However, accuracy errors do not occur at this step. At the "Printing" step, fine adjustment and trimming many parameters are required. Moreover, FDMtype 3D printers need mechanical adjustment parameters to control manually. Thus, it contains many potentials for errors. At the "Done" step; the output and trimming are simply revised by traditional manufacturing methods.
Accuracy errors or problems appear at the "Printing" step. This causes the need for manual control (mechanical adjustment and manual operations). Examples of FDM-type 3D printing failure issues are nozzle clogging, missing layers, parts warp, failure to stick to bed, hole inner diameter being smaller than anticipated, bridge and supports problems, temperature control problems, and etc.
Except for the software errors and trimming and finishing problems in post process steps, we try to derive an efficient methodology to adjust the parameters for accuracy and quality for output in the 3D printing step. To this end, it is necessary to research the parameters involved 3D printing output quality.
Parameter Studies
Many researchers have studied the parameters to improve the 3D printing output quality. Process parameters such as air gap and raster orientation significantly affect the tensile strength of FDM processed part as compared to other parameters like raster width, model temperature and color through experimental design and analysis (Ahn et al., 2002) . The experimental design investigates the effect of the parameters; of build orientation, layer thickness, road width, air gap and model temperature on the surface finish (Vasudevarao et al., 2000) . Data derived from physical measurements of the user's choosing would then be subjected to the iterative process and allow the user to determine which 3D printing parameter would best suit a particular application (Roberson et al., 2013) . It was found elsewhere that layer thickness, raster angle and air gap influence the elastic performance of the compliant FDM ABS prototype (Lee et al., 2005) , and another type of studies about 3D printing concerns impact strength depending on raster orientation (Es-Said et al., 2000) . Material properties and precision of industrial 3D printers have also been studied (Pilipović et al., 2009) .
Various factors or parameters are related with 3D printing process in the literature. The factors or parameters are nozzle temperature, bed temperature, 1 st layer height, layer height, shell thickness, retraction speed, retraction distance, fill density, printing speed, humidity, etc.
Determination of the Major Control Parameters for FDM 3D Printing
The parameters are analyzed from papers published from 2001 to 2015 by some related subject Journals. First, papers were selected at scholar.google.com with high citation index (used keywords : RP, rapid prototype, 3D print, 3D print quality, accuracy check, additive manufacturing, manufacturing, FDM, fused deposition modeling) and checked the parameters addressed therein. For this, a total of 126 papers were used. We found the parameters; nozzle temperature, bed temperature, 1 st layer height, layer height, shell thickness, retraction speed, retraction distance, fill density, printing speed, and humidity. We then counted how many times each appeared in the papers. The parameters appear to be duplicated widely. The temperature of nozzle to melt filament ejected and related parameters appear in 38.2% of papers; the temperature of bed for setting first layer and related parameters 47.5%; the first layer height for 3D printing on bed and related parameters 67.4%; the height of each layer for 3D printing and related parameters 3.7%; the wall thickness of the object to create and related parameters 1.7%; pulling speed to stop the material ejecting through the nozzle and related parameters 2.4%; pulling distance to stop the material ejecting through the nozzle and related parameters 3.5%; ratio for the internal filling of the solid output and related parameters 15.8%; 3D printer head moving speed and related parameters 12.1%; and printing environment as humidity and related parameters 7.4%. We define the ratio of parameters appearing in the papers as Impactor Factor. The ratio of appearances is assumed to indicate importance for printing 3D shapes and it is interesting to observe the changes in applying to each parameter.
In order to conduct experimentation, the five parameters selected need to be adjustable within the 3D printing control software. In order to derive them simply, we first define the following symbols.
Bed temperature L h 1 st layer height 
Research Approaches
Equipment
The samples were printed using a FinBot FB-Z420 desktop 3D printer (TPC Mechatronics Corp., Inchon, Korea) with 1.75mm diameter PLA filament available through TPC Mechatronics Corporation. Print parameters were specified and controlled using Cura 15.04 Slicing Software (Ultimaker B.V., Geldermalsen, The Netherlands), and the test samples were measured using carbon fiber composites Electric Digital Caliper (Resolution : 0.1mm/0.01", Accuracy : ±0.1/0.01"). Test samples were designed using a CAD software package (AutoDesk Inventor 2015, AutoDesk Inc., San Rafael, USA). CAD file was converted into an STL file and imported into FinBot FB-Z420 with SD memory card. All manipulated variables or parameters for the test samples were controlled using Cura 15.04 Slicing software. Designing the experimental sample, printing the designed sample, measuring the outputs for accuracy and quality check are utilized the aforementioned equipment.
Design Experimental Sample
This paper presents a method by which new product developers can evaluate the quality of the 3D printing to meet specified metrics. However, there are examples of the utilization of a standard test part to compare the print quality among a pool of 3D printers.
A standard test sample to establish a benchmarking procedure in the comparison of 3D printing is utilized (Jayaram, 1994) . A standard test part to compare the capability of four different laser-based metal powder bed fusion units is utilized (Abdel and Moustafa, 2006) . A standard test part to compare the print quality among four different polymeric-based AM platforms is utilized (Mahesh et al., 2004) . There have also been several efforts to develop a standard test part for the evaluation of additive manufacturing machines and processes by the National Institute of Standards (NIST) (Moylan et al., 2012) . The test part used for both dimensional accuracy and run time analysis is used (Grimm, 2003) .
In this paper, there a newly designed experimental sample was used for accuracy measurement. The experimental sample is divided into four headwords (A, B, C and D). For measuring the quality for the parameter 1st layer height which is impact factor 67.4, A and B headwords are utilized; for checking total 3D printing quality, C and D headwords are utilized. The headwords are defined as follows :
A n , B n , C n , D n (n = 1, 2, 3) are dimensional criteria of experimental sample. a n , b n , c n , d n (n = 1, 2, 3) are the actual measured values of the experimental samples.
Research Printing Quality Models
The 3D printing quality variables were defined. There are two independent variables assumed to influence printing quality. The first independent variable is bed sitting quality (Sitting Bed : B q ) and the second independent is layer regularly additive quality (Regularly Additive : L q ). It was assumed that the 3D printing accuracy and quality (Accuracy Quality : Qthat is dependent variable) is determined by these two independent variables. We confirmed that there are numerous references of the first Layer during the search of 126 papers. So we decided to separate the independent variables into the quality of the bed and the quality thereafter. This quality model includes four assumptions. Assumption 1 The parameters affect whether the material is placed well on the bed. Assumption 2 If the material is placed well on the bed then the 3D printing quality is even better. Assumption 3 The parameters affect whether the material accumulates layer-by-layer regularly. Assumption 4 If the material accumulates regularly then the 3D printing quality is even better.
This indicates the quality model based on the determination of the five major control parameters for FDM 3D printing with the 3D printing-related quality model to be as <Figure 2>.
Optimized Environment Parameters from Dimensional Accuracy for FDM-type 3D Printing System 13 We defined the index of placing well on the bed, Bed Setting Quality (B q ), as follows :
Where Δa n = a n A n , Δb n = b n B n. The index of accumulating each layer regularly, Layer Regularly Additive Quality (L q ), is defined as follows :
Where Δc n = c n C n , Δd n = d n D n. The index of 3D printing accuracy and quality, Accuracy and Quality (Q), is defined as follows :
Where Δa n = a n A n ,
The parameters were defined to affect the 3D printing quality by analyzing the relationship between B q , L q and Q.
Analysis
Measurement Dimensional Accuracy
The parameters were defined as the control variables, which were expected to have close relationships with each other. The control variables have the large values of the impact factor as parameters. They are Nozzle temperature, Bed temperature, 1st layer height, Fill density and Printing speed.
The experimental samples were printed adjusted to each parameter condition (<Table 2>). The experimental samples were printed for 6 months. It took one output for each condition. Each experimental sample was printed by the 3D printer, the measurement values measured, and the B q , L q and Q calculated for analysis.
A standard approach for experimental design is to use the full factorial method. The method is acceptable only when a few parameters are to be investigated. This study concerns the effects of 5 controllable parameters, as well as the interactions among them. Thus, 16,800 experimental samples were required to meet analysis needs. However, when certain parameter conditions perfectly failed, then it was skipped and the Fractional Factorial method and Taguchi method not used. The reason for this is to get more experimental samples suing the full factorial method. Finally 426 experimental samples were used for analysis.
The follow <Table 3> presents the sample of measuring data on each parameter setup. For example, Run#00442 is calculated as B q = 69.93, L q = 64.94, and Q = 50.76 by the condition of is 220℃, is 55℃, is 0.15mm, is 25% and is 80mm/s. The runs were executed a total of 426 times. 
Statistics
The main objective in each experiment is to determine the effect of various parameters on the quality of a product and another critical problem in the study was how to select interactions among the five major parameters. From our research it has been realized that the five major parameters dominate the 3D printing process and final product quality and interactions may only play a minor role or are secondary.
An analysis of variance (ANOVA) and multiple regression analysis were performed on the data to test for the relative importance of the parameters. In performing the ANOVA, we considered a full factorial method and computed influence of all the major parameters and interaction effects. A full factorial experiment is an experiment that extracts information on several design factors more efficiently than can be done by the traditional tests involving the study of the effect of a single factor on some characteristic.
Bed Setting Quality (B q ), Layer Regularly Additive Quality (L q ) and Accuracy and Quality (Q) were analyzed by ANOVA and multiple regression analysis, using various combination of N t , B t , L h, F d and P s . To determine parameters have an influence on B q , L q , and Q. IBM SPSS version 23 statistical program was used. The p-value for statistical significance was set at 0.05.
For Bed Setting Quality (B q ), a total of 426 different samples were successfully built using various combinations of N t , B t , L h, F d and P s . The results of the data analysis are presented in <Table 4>.
The parameters for which p-value is less than 0.05 affect B q . The most influence parameter is L h , the second most P s and the third B t . The rest of the parameters (N t and F d ) are not affected because the p-values are greater than 0.05.
For Layer Regularly Additive Quality (L q ), samples were successfully built using various combination of N t , B t , L h, F d and P s . The results of the data analysis are presented in <Table 5>.
In this case, all parameters affect L q , but F d slightly less so than the other parameters. Two assumptions were defined : "If the material is placed well on the bed then the 3D printing quality is even better" and "If the material accumulates layer-by-layer regularly, then the 3D printing quality is even better" For Accuracy and Quality (Q). We analyzed the Accuracy and Quality (Q) as a dependent variable with two independent variables (Bed Setting Quality (B q ) and Layer Regularly Additive Quality (L q )). The two independent variables (B q and L q ) affect the Accuracy and Quality (Q). The results of the data analysis are presented in <Table 6>.
On the other side, the effect of the parameters were examined on Accuracy and Quality (Q) with various combinations of N t , B t , L h, F d and P s . The results of the data analysis are presented in <Table 7>.
In the overall quality of 3D printing, the parameters N t , B t , L h, F d and P s affect Q, but B t does not. In order to improve the Bed Setting Quality, 1st layer height, Printing speed, and Bed temperature should be well adjusted. In order to improve the Layer Regularly Additive Quality, Nozzle temperature, Bed temperature, 1st layer height, Fill density, and Printing speed should be trimmed. Finally, in order to improve 3D printing quality, Nozzle temperature, 1st layer height and Printing speed should be precisely adjusted, and Fill density should be well controlled, while Bed temperature is less important than the other parameters.
Results
For improving the quality of 3D printing, we extract the five parameters and defined the 3D printing quality model with Bed Setting Quality (B q ), Layer Regularly Additive Quality (L q ), and Accuracy and Quality (Q). We printed 426 different experimental samples and subjected each to a 3D printing accuracy quality test. All of the measured data was analyzed from experimental samples.
As the result of analysis, For the parameters affecting B q are B t , L h and P s , the multiple linear regression model is estimated as follows :
The parameters affecting L q are N t , B t , L h , F d , and P s , which are all of defined parameters, and the multiple linear regression model is estimated as follows :
B q and L q were also found to affect the Q, and the multiple linear regression model is estimated as follows :
Then,
On the other side, We examined the effect of the parameters on Accuracy and Quality (Q) with various combinations of N t , B t , L h , F d , and P s . The multiple linear regression model is estimated as follows :
Analysis results by the quality model (7) and the result of analyzing the parameters (8) show similar results. The results of the quality influence according to the parameters are as follow <Table 8>. As a result of examining the difference between B q and Q by B t , rather, B t was found to have some negative effect for Q. In other word, B t affects B q , but during the subsequent 3D printing process, B t is the main cause of deformation.
<Figure 4> shows the average values of L q and Q according to B t . When B t is 50℃, L q and Q show the lowest value, the highest at 55℃, L q and Q drop above 60℃. We found that for optimal 3D printing, B t should be adjusted to change over time. This means that the slice software should be developed so that Bed temperature can be controlled in the conversion to GCode. 
Conclusions
3D printing is one of the most versatile and revolutionary additive manufacturing techniques to create 3D objects with unique structure and diverse properties; however, most people who use 3D printing for output feel technical limitations. The current environments of 3D printing require a user to adjust various setting such as nozzle temperature, bed temperature, printing speed and 1st layer height.
The 3D printing should thus evolve such that people can get the output from computer to printer as easily as with a 2D printer. To do this, researchers have to study more diverse 3D printing environment variables in order to achieve 3D printing, capable of outputting the highest quality of complex products, customized products, easily and quickly.
The present study proposes a way to improve 3D printing quality and control parameters. We confirmed that various parameters involved in FDM-type 3D printing. There are already a lot of information about these parameters, but we tested them scientifically and verified. Particularly, when verifying the relation between parameters and 3D printing quality, the characteristic according to the bed temperature has negative influence of the overall quality as the 3D printing progresses. The bed temperature characteristics were found to contribute to 3D printing quality that the bed temperature be adjusted by lowering or eliminating is better than the bed temperature at the material set well on the bed. It has significance as a foundation of 3D printing automation. Currently, almost all FDM-type 3D printers require manual adjustment of parameters, and the automation of these parameters would be a milestone in the development of the technology.
